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We previously reported that mice lacking the RARg gene and one or both alleles of the RARb gene (i.e., RARb1/2/RARg2/2
and RARb2/2/RARg2/2 mutants) display a severe and fully penetrant interdigital webbing (soft tissue syndactyly), caused by
the persistence of the fetal interdigital mesenchyme (Ghyselinck et al., 1997, Int. J. Dev. Biol. 41, 425–447). In the present
study, these compound mutants were used to investigate the cellular and molecular mechanisms involved in retinoic acid
(RA)-dependent formation of the interdigital necrotic zones (INZs). The mutant INZs show a marked decrease in the
number of apoptotic cells accompanied by an increase of cell proliferation. This marked decrease was not paralleled by a
reduction of the number of macrophages, indicating that the chemotactic cues which normally attract these cells into the
INZs were not affected. The expression of a number of genes known to be involved in the establishment of the INZs, the
patterning of the autopod, and/or the initiation of apoptosis was also unaffected. These genes included BMP-2, BMP-4,
sx-1, Msx-2, 5* members of Hox complexes, Bcl2, Bax, and p53. In contrast, the mutant INZs displayed a specific, graded,
down-regulation of tissue transglutaminase (tTG) promoter activity and of stromelysin-3 expression upon the removal of
one or both alleles of the RARb gene from the RARg null genetic background. As retinoic acid response elements are present
in the promoter regions of both tTG and stromelysin-3 genes, we propose that RA might increase the amount of cell death
in the INZs through a direct modulation of tTG expression and that it also contributes to the process of tissue remodeling,
which accompanies cell death, through an up-regulation of stromelysin-3 expression in the INZs. Approximately 10% of the
RARb2/2 /RARg2/2 mutants displayed a supernumerary preaxial digit on hindfeet, which is also a feature of the BMP-7 null
phenotype (Dudley et al., 1995, Genes Dev. 9, 2795–2807; Luo et al., 1995, Genes Dev. 9, 2808–2820). BMP-7 was globally
down-regulated at an early stage in the autopods of these RAR double null mutants, prior to the appearance of the digital
rays. Therefore, RA may exert some of its effects on anteroposterior autopod patterning through controlling BMP-7
expression. © 1999 Academic Press
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The effects of retinoids, the biologically active deriva-
tives of vitamin A, are transduced by nuclear receptors, the
1 Should be considered equal first authors.
2 To whom correspondence should be addressed. Fax: 331 3 88 652 03. g
30ARs3 (a, b, and g) and the RXRs (a, b, and g). RXR:RXR
omodimers and RXR:RAR heterodimers bind cognate
egulatory DNA sequences, or response elements, and act
s ligand-inducible transcriptional regulators (Chambon,
3 Abbreviations used: ANZ, anterior necrotic zone; BMP, bone
orphogenetic protein; CRABP, cellular retinoic acid binding
rotein; INZ, interdigital necrotic zone; PNZ, posterior necrotic
one; PCD, physiological cell death; RA, retinoic acid; RAR,
etinoic acid receptor; RXR, retinoid X receptor; tTG, tissue trans-
lutaminase; WT, wild-type.
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31Retinoic Acid Signaling in Interdigital Apoptosis1996). Simultaneous knock-out of two RAR isotypes, or of
RXRa and a given RAR isotype (a, b, or g), leads to
numerous developmental defects which, altogether, reca-
pitulate the fetal vitamin A deficiency syndrome, thus
demonstrating that these receptors indeed transduce the
retinoid signal during embryonic development (Lohnes et
al., 1994; Mendelsohn et al., 1994; Kastner et al., 1994,
1997; Ghyselinck et al., 1997). Interestingly, the phenotypic
analysis of retinoid receptor single and compound null
mutants has revealed many additional abnormalities which
were not known to be associated with an impaired vitamin
A function, for instance, interdigital webbing (soft tissue
syndactyly) caused by the persistence of the fetal interdigi-
tal mesenchyme (Ghyselinck et al., 1997).
All three RARs (a, b, and g) are expressed in mouse
utopods during the period of regression of the interdigital
esenchyme. The expression of RARa transcripts and
roteins is ubiquitous; RARg transcripts and proteins are
detected mainly in the precartilaginous anlagen of the digits
and in the autopod’s ectoderm (Dolle´ et al., 1989b; Ghy-
elinck et al., 1997). RARb transcripts, proteins, and
RARb2 promoter activity are confined to the interdigital,
nterior, and posterior necrotic zones (INZ, ANZ, and PNZ)
Dolle´ et al., 1989b; Ghyselinck et al., 1997; Mendelsohn et
al., 1991). RXRa, the main heterodimerization partner of
the three RARs during embryonic development (Kastner et
al., 1997), is also expressed ubiquitously in the autopod
(Dolle´ et al., 1994).
Interdigital webbing is observed in a small fraction of
RXRa1/2, RARa2/2, and RARg2/2 mutants (Kastner et al.,
1997; Lohnes et al., 1994; Lufkin et al., 1993). Its penetrance
nd severity increase markedly in RXRa1/2/RARa1/2 and
RXRa1/2/RARg1/2 compound heterozygote mice, indicating
that RXRa:RARa and RXRa:RARg heterodimers are in-
olved in the separation of the digits (Kastner et al., 1997).
In contrast, RARb2/2 mice have normal limbs (Ghyselinck
t al., 1997) and the penetrance of interdigital webbing is
dentical in RXRa1/2 and RXRa1/2/RARb2/2 mutants (Kast-
er et al., 1997). Since the limbs of RARa2/2/RARb2/2
mutants are also normal (Ghyselinck et al., 1997), the lack
of effects of the RARb knock-out on limb morphogenesis is
ot simply the consequence of a functional redundancy
ith RARa in the interdigital mesenchyme. Instead, the
bsence of digit separation observed in all RARb1/2/
ARg2/2 and RARb2/2/RARg2/2 mutants strongly suggests
the necessity, for proper digit separation, of short-range
interactions between tissues expressing RARg (i.e., precar-
tilaginous condensation of the digits and autopod’s ecto-
derm) and RARb (interdigital mesenchyme) (Ghyselinck et
al., 1997).
Compound RARb/RARg mutants have been used here to
nvestigate the cellular and molecular mechanisms in-
olved in retinoic acid (RA)-dependent digit separation. We
ave compared, in wild-type and RARb-RARg compound
utant autopods, the distribution of dying and proliferating
ells and the expression patterns of several genes implicated
i) in the establishment of the interdigital necrotic zones w
Copyright © 1999 by Academic Press. All rightBMP-2, 4, and 7, and Msx1 and 2 genes) and/or in the
atterning of the autopod (59 members of Hox complexes),
ii) in the effector phase of apoptosis (Bcl2, Bax, p53, and
issue transglutaminase genes), and (iii) in tissue remodel-
ng processes (stromelysin-3 gene).
MATERIALS AND METHODS
Mice
RARb1/2/RARg1/2 mice (Ghyselinck et al., 1997) were inter-
crossed to generate RARb1/2/RARg2/2 and RARb2/2/RARg2/2 mu-
ant fetuses which were recovered at the frequency of 1/8 or 1/16,
espectively. Mice were mated overnight and the next morning was
onsidered 0.5 days postcoitum (embryonic day 0.5, E0.5). Pregnant
emales were sacrificed by cervical dislocation. Embryos were
ollected by cesarian section and yolk sacs were taken for DNA
xtraction. Genotypes were determined by Southern blotting as
reviously described (Ghyselinck et al., 1997; Lohnes et al., 1993).
Detection of Cell Death
The extent of cell death was assessed on whole limbs by staining,
immediately after dissection, with a 1/50,000 solution of Nile blue
sulfate in PBS for 30 min at 24°C. Following staining, embryos were
rinsed for 30 min in PBS and then immediately photographed. For
detection of apoptotic cells, embryos were first fixed in 4%
paraformaldehyde in PBS for 12 h at 4°C and then embedded in
paraplast. Histological sections were mounted on 0.1% polylysine
(Sigma, St. Louis, MO; MW 350,000) coated slides. Apoptotic cells
were identified using an “Apoptag” in situ apoptosis detection kit
(Oncor, Gaithersburg, MD) according to the manufacturer’s in-
structions. Peroxydase was detected using diaminobenzydine and
the sections were counterstained with methyl green.
Immunohistochemical Detection of Macrophages
and of Bcl2
Embryos were fixed for 12 h at 24°C in Bouin’s fluid and then
thoroughly rinsed in 70% ethanol prior to further dehydratation
and wax embedding. Histological sections, 7 mm thick, were
ounted on 0.1% polylysine coated slides. To detect macrophages,
he sections were first treated for 1 h at 24°C in PBS–0.05% Tween
0 containing 5% goat serum to block nonspecific antibody binding
nd then incubated with the macrophage-specific rat anti-mouse
onoclonal F4/80 antibody (Austyn and Gordon, 1981) at a dilu-
ion of 1/20 in PBS for 90 min at 24°C. For detection of Bcl2, the
ections were first incubated in target retrieval solution (Dako,
arpinteria, CA) for 30 min at 95°C, washed twice in PBS, and then
reblocked for 30 min in a TNK buffer (0.1 Tris, pH 7.6; 0.55 NaCl;
0 mM KCl) containing 2% bovine serum albumin, 0.1% Triton
-100, and 1% normal goat serum (Krajewski et al., 1994). An
ntiserum against human Bcl2 (Pharmingen, San Diego, CA) was
dded to the slides at a dilution of 1/800 in the supplemented TNK
uffer and incubated for 16 h at 4°C. After being rinsed in PBS (3 3
min), F4/80 and anti-Bcl2 binding sites were revealed using an
BC system (Vector, Burlingame, CA) according to the manufac-
urer’s instructions. The sections were slightly counterstained
ith Harris’s hematoxylin.
s of reproduction in any form reserved.
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32 Dupe´ et al.Labeling of S-Phase Nuclei
Bromodeoxyuridine (BrdU, Sigma), dissolved in PBS, was in-
jected intraperitoneally at a dose of 50 mg per kilogram of body
weight. The mice were killed 2 h later, and the limbs were fixed in
Bouin’s fluid for 24 h at 24°C and then embedded in paraffin. BrdU
incorporation was detected by using an anti-BrdU monoclonal
antibody (Boehringer Mannheim, Germany) and immunoperoxi-
dase labeling.
Whole-Mount in Situ Hybridizations
Whole-mount in situ RNA hybridization procedures were car-
ried out as described by Conlon and Rossant (1992). Mutant limbs
and contralateral wild-type limbs were processed in the same tube
and were hybridized for the same length of time and under the
same conditions. The probes used in this study have been described
elsewhere: BMP-2 (Lyons et al., 1990), BMP-4 (Jones et al., 1991),
BMP-7 (Arkell et al., 1997), Msx-1 (Hill et al., 1989), Msx-2 (Coelho
et al., 1991), Hoxd-11, Hoxd-12 (Dolle´ et al., 1989a), Hoxa-13
Warot et al., 1997), Hoxd-13 (Dolle´ et al., 1991), p-53 (Jenkins et
l., 1984), Bax (Oltvai et al., 1993), and stromelysine-3 (Lefebvre et
al., 1992) probes. Limbs were photographed in 50% glycerol in PBS
and, in general, mutants and wild-type were taken on the same
picture.
Tissue Transglutaminase Transgenic Mice and
Detection of b-Galactosidase Activity
Homozygous transgenic males (tg/tg), containing 3.8 kb of tTG
promoter driving the expression of the b-galactosidase reporter
gene (LacZ) (Nagy et al., 1997), were crossed with RARb1/2/
RARg1/2 double heterozygous mutant females. RARb1/2/RARg1/2/
g/0 males were subsequently crossed with RARb1/2/RARg1/2
females, giving 1 of 32 fetuses doubly homozygous for the RARb
and RARg null mutations and carying one copy of the transgene.
mbryos were fixed in 2% formaldehyde for 1 h at 4°C and then
ashed with PBS (2 3 15 min) and stained for 16 h at 30°C in a
olution containing 1 mg/ml of X-gal, 5 mM K3Fe(CN)6, 5 mM
K4Fe(CN)6, 2 mM MgCl2 in PBS, postfixed in 4% paraformaldehyde
r in Bouin’s fluid, and stored in 70% ethanol. The limbs were then
ventually paraffin-embedded, serially sectioned, and counter-
tained for 1 min with a 0.01% solution of Safranin O (CI: 50240)
n distilled water.
RESULTS
For the sake of simplicity, homozygous RARb and RARg
null mutants are designated hereafter as Ab and Ag, the
2/2” sign indicating homozygocity being omitted. Thus,
or instance, RARb2/2/RARg2/2 and RARb1/2/RARg2/2 mu-
tants are referred to as Ab/Ag and Ab1/2/Ag mutants,
espectively. At least two anterior and two posterior limbs
rom different fetuses were examined for each genotype and
evelopmental stage.
Reduction of Cell Death and Increased Cell
Proliferation in the Interdigital Mesenchymal
Cells of RARb/RARg Mutants
In the wild-type (WT) autopod, physiological cell death
(PCD) starts at E12.5 in the interdigital mesenchyme un-
Copyright © 1999 by Academic Press. All righterlying the ectoderm and spreads proximally in the INZs,
eaking at E14.0 in the forelimb and at E14.5 in the
indlimb. Digit separation is completed by E15.0 and E15.5
n the anterior and posterior limbs, respectively (Zakeri and
hujo, 1994; Waneck et al., 1989; Maconnachie, 1979). The
imbs of Ab/Ag mutants were analyzed at E12.5 and E13.5,
.e., at developmental stages at which they are morphologi-
ally undistinguishable from their WT counterparts.
Nile blue sulfate, a vital dye accumulating in dying cells,
as used to assess the three-dimensional extent of cell
eath in E13.5 autopods (Zakeri and Ahuja, 1994). In Ab/Ag
mutants, the amount of blue stained cells was markedly
reduced in the INZs between all digits in both fore- and
hindlimbs (Figs. 1a and 1b and data not shown); in contrast,
the dye accumulated normally in the anterior and posterior
necrotic zones (compare ANZ and PNZ in Figs. 1a and 1b).
This observation indicates that the interdigital webbing
observed in E15.5 to E18.5 Ab/Ag mutants (Ghyselinck et
al., 1997) is caused, at least in part, by a decrease in cell
death in the mesenchyme of the INZs. Apoptosis, which is
responsible for cell death in the INZs (Schweichel and
Merker, 1973; Hinchliffe, 1981), is, in general, accompanied
by the endonucleolytic cleavage of chromosomal DNA into
nucleosome-size units which can be detected using a DNA
labeling assay (TUNEL, terminal desoxynucleotidyl
transferase-mediated dUTP nick end labeling) (Gavrieli et
al., 1992). The number of TUNEL-positive nuclei or nuclear
fragments was markedly and selectively reduced in E13.5
Ab/Ag INZs (compare Fig. 1c to 1d), but not in the anterior
ecrotic zone (ANZ) and posterior necrotic zone (PNZ) and
n the forming joints of the phalanges (J) (Figs. 1c and 1d and
ata not shown). The percentage of cells containing DNA
icks was established by nuclear counts in the second
nterdigital space of three E13.5 WT and three Ab/Ag
forelimbs from different fetuses. Every third section was
analyzed, and about 2000 nuclei were scored in each limb.
In the INZ of Ab/Ag mutants 3.76 1.3% of the mesenchy-
al cells were undergoing apoptosis versus 19.161.2% in
he WT INZ. In Ab1/2/Ag mutants which also display a
completely penetrant interdigital webbing (Ghyselinck et
al., 1997), the decrease of cell death in the INZs (Nile blue
staining and TUNEL assay) was less pronounced than in the
double null mutants (data not shown).
Apoptotic cells in the INZs are rapidly phagocytosed by
monocyte-derived macrophages which react specifically
with the monoclonal antibody F4/80 (Hopkinson-Woolley
et al., 1994). In E13.5 WT autopods, macrophages were
colocalized with apoptotic cells and many of them were full
of phagocytosed cellular debris (arrows in Fig. 1e; see also
Hopkinson-Woolley et al., 1994). In E13.5 Ab/Ag autopods,
F4/80-positive cells were as numerous as in their WT
counterparts. However, they appeared more dispersed and
most of them did not contain cell debris (arrowheads,
compare Fig. 1e to 1f). Therefore, the lack of PCD in Ab/Ag
mutants is not secondary to a failure of migration of
macrophages to the INZs.Bromodeoxyuridine incorporation into S phase nuclei
s of reproduction in any form reserved.
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34 Dupe´ et al.was used to assess cell proliferation. At E12.5, the patterns
of cell proliferation in WT and Ab/Ag autopods were
ndistinguishable (data not shown). In E13.5 WT and Ab/Ag
autopods (Figs. 1g and 1h) numerous BrdU-labeled nuclei
were observed in the perichondrium (PC), in the mesen-
chyme at the tips of the growing digits (M) and its overlying
ectoderm (E), as well as in the forming joints (J); positive
nuclei were scarce in the cartilaginous condensations of the
digits (C). Labeling indices were determined by nuclear
counts in the fourth interdigital space of three E13.5 WT
and three Ab/Ag forelimbs from different fetuses. Every
hird section was analyzed and about 1300 nuclei were
cored in each limb. In the WT interdigital mesenchyme
nly 5.4 6 0.65 of the cells were in S phase versus 23.5 6
.7% in the Ab/Ag mutant mesenchyme. Thus, the down-
regulation of cell proliferation which occurs at E13.5 in the
WT INZs was not observed in their Ab/Ag counterparts
compare INZ in Figs. 1g and 1h).
Distribution of BMP, Msx, and Hox Gene
Transcripts in RARb/RARg Mutant Autopods
Putative extracellular signals for triggering interdigital
apoptosis include BMP-2, BMP-4, and BMP-7, all of which
re expressed in the interdigital mesenchyme before and
uring its regression in mouse and chick autopods (re-
iewed in Hogan, 1996; Lyons et al., 1990; Francis et al.,
994; Helder et al., 1995). Beads soaked in BMP-2, BMP-4,
r BMP-7 accelerate PCD when implanted in the interdigi-
al region and, when implanted at the tip of a growing digit,
ead to the formation of an ectopic area of apoptosis (Ganan
t al., 1996, Macias et al., 1997). Moreover, blocking BMP
ignaling, by expressing a dominant-negative BMP receptor
n the chicken, results in greatly reduced interdigital apop-
osis and subsequently in webbed feet (Zou and Niswander,
996; Yokouchi et al., 1996). It is noteworthy that BMP-7
ull mutant mice do not display webbed digits (Luo et al.,
995); this may reflect a functional redundancy with other
embers of the family (e.g., BMP-2 and/or BMP-4). The
istribution patterns of BMP-2, BMP-4, and BMP-7 tran-
cripts were analyzed in E12.5 and E13.5 by whole-mount
n situ hybridization. BMP-2 and BMP-4 were similarly
expressed in WT and Ab/Ag autopods. In accordance with
previous data (Hogan, 1996), BMP-2 transcripts were de-
tected in the INZs, ANZ, and PNZ (e.g., Fig. 2a), whereas
BMP-4 was strongly expressed in the ANZ, PNZ, and
mesenchymal cells at the tip of the growing digits (arrow-
head in Fig. 2b) and, more weakly, in the INZs. In contrast,
BMP-7, which is normally expressed in all three types of
necrotic zones (Figs. 2c and 2d; Luo et al., 1995; Hogan,
1996) was consistently decreased in Ab/Ag autopods at
E12.5 (Fig. 2c) and E13.5 (Fig. 2d). This decrease was not
observed in Ab1/2/Ag autopods (data not shown).
We next analyzed the expression of homeobox genes
hich are thought to be implicated in interdigital cell
eath. Msx-1 and Msx-2 are expressed in the interdigital and
arginal regions of the autopods before and during the
Copyright © 1999 by Academic Press. All rightstablishment of the INZs, ANZ, and PNZ (Hill et al., 1989;
oelho et al., 1991, 1992; Robert et al., 1991; Suzuki et al.,
991). The inhibition of cell death induced by TGFb in
nterdigital regions is preceded by down-regulation of
MP-4, Msx-1, and Msx-2 (Ganan et al., 1996). Further-
ore, BMP-4-induced Msx-2 expression has been associated
ith PCD in mouse rhombencephalic neural crest cells
Graham et al., 1994). However, the pattern of expression of
sx-1 and Msx-2 was not altered in E12.5 and E13.5 Ab/Ag
autopods (not shown).
Interdigital webbing is found in the forelimbs of Hoxa-
131/2 mutants and in both fore- and hindlimbs of Hoxa-131/2/-
Hoxd-131/2 compound mutants (Fromental-Ramain et al.,
1996). Synpolydactyly is observed in mice lacking both
Hoxa-13 and Hoxd-13 (Fromental-Ramain et al., 1996) or
carrying a targeted deletion of Hoxd-13, Hoxd-12, and
Hoxd-11 (Dolle´ et al., 1993; Davis and Capecchi, 1994; Favier
t al., 1996; Zakany and Duboule, 1996). Interestingly, sys-
emic administration of RA induces rapid changes in the
oxd-11 and Hoxd-13 expression patterns, even at late stages
f autopodal development (Wood et al., 1996). At E12.5 and
E13.5, Hoxa-13 and Hoxd-13 expression extends to the ante-
rior margin of the autopod (Fig. 2 and data not shown), while
Hoxd-12 and Hoxd-11 expression displays an anterior bound-
ary between the first and the second digits (arrowhead in Fig.
2e; and data not shown). At E13.5, Hoxa-13, Hoxd-13, Hoxd-
12, and Hoxd-11 transcripts are not detected in cartilage
ondensations, but persist in the perichondrium, the forming
oints, and the interdigital spaces, as previously described in
he chick limb bud (Ros et al., 1994). At E12.5 and E13.5
xpression of these Hox genes was normal in autopods of
b/Ag mutants (Fig. 2 and data not shown).
Expression of Intracellular Regulators of Cell
Death in RARb/RARg Mutant Autopods
Overexpressed Bcl2 increases the survival of numerous
cells types exposed to a variety of apoptotic stimuli both in
vitro and in vivo (Nunez et al., 1990; Vaux et al., 1988).
Decreased Bcl2 expression is observed in systems that are
stimulated to undergo apoptosis (Merino et al., 1994; Veis
et al., 1993), in particular in retinoid-induced cell death of
human myeloid leukemic cell lines (Nagy et al., 1996b;
Agarwal and Mehta, 1997; Monczak et al., 1997). The
interaction of Bcl2 with Bax is thought to represent a key
mechanism of the intracellular control of apoptosis, as it is
widely held that Bcl2/Bax heterodimers promote survival,
whereas Bax homodimers can directly trigger apoptosis
(Oltvai et al., 1993). In the autopod of WT fetuses at E12.5
and E13.5, the Bcl2 protein was detected exclusively in the
cartilaginous condensations (C, Fig. 3a) in accordance with
a previous immunohistochemical study using a different
antibody (Novack and Korsmeyer, 1994). Bax transcripts
were confined to the ANZ, PNZ, and INZs (Fig. 3b).
Expression of the Bcl2 protein and of Bax transcripts was
apparently identical in the mutant and WT autopods (data
not shown).
s of reproduction in any form reserved.
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dP53 can promote apoptosis in several cell types (Debbas
and White, 1993; Morgenbesser et al., 1994). P53 is a direct
transcriptional regulator of the human Bax gene (Miyashita
and Reed, 1995), and mice deficient in p53 exhibit an
increase in Bcl2 and a decrease in Bax protein levels in
several tissues (Miyashita et al., 1994). At E12.5 and E13.5,
similar levels of p53 transcripts were present in all necrotic
zones (ANZ, PNZ, and INZ in Fig. 3c), in the perichon-
drium (P), and in the forming joints (J) in both WT and
Ab/Ag autopods (Fig. 3c and data not shown).
Tissue Transglutaminase and Stromelysin-3 Are
Down-Regulated in RARb/RARg Mutants
Tissue transglutaminase (tTG) accumulates to high lev-
els in cells committed to apoptosis (Fesus et al., 1991;
Piacentini et al., 1991). In E14.0 transgenic mouse limbs
expressing the LacZ gene under the control of the tTG
promoter, b-galactosidase activity was detected in the ec-
toderm at the tip of the growing digits (E), in the ANZ,
PNZ, and INZs between digits 2 and 5 in both fore- and
hindlimbs (Fig. 4e and data not shown, see also Nagy et al.,
1997). It is noteworthy that in these three types of necrotic
zones the pattern of transgene expression faithfully reca-
pitulated the distribution of the endogenous enzyme (Nagy
et al., 1997). Expression of the transgene in the INZs was
not confined to cells exhibiting the morphologic hallmarks
of apoptosis (Nagy et al., 1997). Instead, the majority of the
tTG transgene-expressing cells in the INZs showed normal
nuclear profiles on histological sections (Fig. 5a); such cells
are likely to be biased toward apoptosis (Nagy et al., 1997).
X-gal staining was specifically decreased in the INZs of
E14.0 Ab1/2/Ag autopods (Fig. 4f), while it was almost
abrogated in the INZs of Ab/Ag autopods (Figs. 4g and 5b).
erial histological sections revealed a consistent and strong
ecrease of b-galactosidase activity within individual inter-
digital mesenchymal cells of Ab/Ag mutants (compare Figs.
5a and 5b). Therefore, the decrease in X-gal staining ob-
served on whole mounts of Ab1/2/Ag and Ab/Ag autopods
(Figs. 4e–4g) does not reflect a decrease in the number of
cells expressing the transgene, but rather a reduced expres-
sion of tTG in each cell. Interestingly, there was no de-
crease in tTG promoter activity in other places where the
tTG transgene is expressed at E14.0 and E12.5 including the
calvaria (Ca), snout (S) (Figs. 4a and 4b), and ANZ and PNZ
(compare Figs. 4c and 4e to 4d and 4g). Therefore, there is a
correlation between the decrease of the tTG promoter
activity at the cellular level and the commitment to cell
death in the interdigital regions of Ab/Ag mutants.
FIG. 2. Distribution of BMP-2, 4, and 7 and of Hoxd-12 and
Hoxa-13 transcripts in WT and Ab/Ag forelimbs at E12.5 (c) and/or
13.5 (a, b, and d–f). (c and d) Note the global down-regulation of
MP-7 at these two developmental stages. (e and f) Note that the
xpression domain of Hoxa-13 encompasses the mesenchyme of
he whole autopod with exception of the cartilaginous blastema,
hereas that of Hoxd-12 displays an anterior limit in the first
nterdigital space (arrowhead) in both WT and Ab/Ag autopods.
NZ, anterior necrotic zone; D, digit; INZ, interdigital necrotic
one; PNZ, posterior necrotic zone; I and V, digits 1 and 5. The
rrow in (b) points to the mesenchyme at the tips of the growing
igits. Magnifications, 345 (a, b, and d–f); 3200 (c).
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36 Dupe´ et al.Stromelysin-3 is a secreted enzyme. It belongs to the
matrix metalloproteinase family which has been implicated
in a variety of tissue remodeling processes (reviewed in
Basset et al., 1997). In the present study we found that
expression of stromelysin-3 first appears in the (prospective)
necrotic zones at E12.5 (data not shown), where it is
increased at E13.5 (Lefebvre et al., 1995; Fig. 4h). At E13.5
tromelysin-3 expression was specifically decreased in the
NZ of Ab1/2/Ag autopods (Fig. 4i), while it was almost
brogated in the INZs of Ab/Ag autopods (Fig. 4j).
RARb and RARg Are Implicated in the
Anteroposterior Patterning of the Limb
Approximately 10% (3 of 35) of the E13.5 Ab/Ag mutants
isplayed an additional, unilateral or bilateral, preaxial digit
n the hindlimb (Fig. 6a). This abnormality was never
bserved in the 357 littermates of these double null fetuses
which included 40 Ab1/2/Ag fetuses). Interestingly, BMP-
-deficient mice display the same preaxial polydactyly of
he hindlimb (Luo et al., 1995; Dudley et al., 1995), which
suggests the involvement of BMP-7 in early limb bud
shaping (Luo et al., 1995; Hofmann et al., 1996). Therefore,
we further investigated the distribution of BMP-7 tran-
scripts at earlier developmental stages. During normal
development, the BMP-7 pattern of expression in the limb
bud is very dynamic. At E11.5 it is restricted to the
mesenchyme and is strong in the posterior region (Fig. 6b;
see also Hofmann et al., 1996). The expression of BMP-7
was markedly decreased in forelimb and hindlimb autopods
of E11.5 Ab/Ag mutants (Fig. 6c; and data not shown). In
contrast, no decrease was observed in other sites where
BMP-7 is normally expressed, including the otic vesicle,
pharyngeal clefts, heart, and precartilaginous condensations
FIG. 3. Detection of the Bc12 protein and of Bax and p53 transcr
Bc12 in the precartilaginous condensation and of Bax and p53 in the
D, digit; INZ, interdigital necrotic zone; J, forming joint; PC, peric
(b and c).(data not shown; see Lyons et al., 1995).
Copyright © 1999 by Academic Press. All rightDISCUSSION
Involvement of Tissue Transglutaminase and of
Stromelysin-3 in Retinoic Acid-Dependent
Physiological Cell Death
Several lines of evidences have suggested that RA could
be instrumental in controlling PCD in developing limb
buds: (i) limb reduction defects and cartilaginous syndac-
tyly observed following systemic administration of pharma-
cological doses of either vitamin A or RA are caused, at
least in part, by an expansion of regions of PCD (Kochhar,
1973; Alles and Sulik, 1989); (ii) cell death induced by
excess RA in the INZs, ANZ, and PNZ is characterized by
apoptotic features similar to those occurring naturally in
PCD in the normal developing limb, i.e., the presence of
apoptotic bodies, DNA fragmentation, and activation of
phagocytic cells (Ahuja et al., 1997); (iii) administration of
RA can rescue the soft tissue syndactyly which represents
the hallmark of the Hammertoe mutant mouse phenotype,
through restoring apoptosis (Ahuja et al., 1997); (iv) fetal
ouse limbs cultured in a chemically defined, retinoid-
eficient medium display interdigital webbing which can
e prevented by physiological concentrations of RA (Lussier
t al., 1993).
In the present study, we show that the complete lack of
igit separation in Ab/Ag mutants can be ascribed to
eduction of apoptosis and to maintenance of a proliferative
tate in the INZs. These results indicate that RARb and
ARg mediate the apoptotic effects of RA in the INZs,
ossibly via a cross-talk between the interdigital mesen-
hyme (the site of RARb expression) and either the autopod
ectoderm (see Hurle and Ganan, 1986) or the precartilagi-
nous condensation of the digits (the two main sites of RARg
n E13.5 WT hindlimbs. Note the complementary distributions of
otic zones. ANZ, anterior necrotic zone; C, cartilage condensation;
rium; PNZ, posterior necrotic zone. Magnifications, 385 (a); 365ipts i
necr
hondexpression, see Introduction). They also suggest that RA
s of reproduction in any form reserved.
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37Retinoic Acid Signaling in Interdigital ApoptosisFIG. 4. Comparison of tissue transglutaminase (tTG) promoter activity and stromelysin-3 transcripts distribution in WT, Ab1/2/Ag, and
b/Ag mutants at E12.5 (a–d), E14.0 (e–g), and E13.5 (h–j). (a and b) Lateral views of the cephalic region. (c–g) Ventral view of forelimbs.
(h–j) Dorsal view of forelimbs. Note the specific down-regulation of tTG promoter activity in the INZs, whose timing is coincident with
the process of digit separation. Note also the graded decrease of the tTG promoter activity and stromelysin-3 transcript level upon removal
of one or both alleles of RARb in the RARg null genetic background. ANZ, anterior necrotic zone; Ca, calvaria; D, digit; E, ectoderm; INZ,
nterdigital necrotic zone; PNZ, posterior necrotic zone; S, snout. The arrowhead in (b) points to the abnormal Ab/Ag mutant eye.Magnifications, 315 (a and b); 3110 (c and d); 360 (e–g); 365 (h–j).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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38 Dupe´ et al.FIG. 5. Comparison of tissue transglutaminase (tTG) promoter activity on histological sections through the third interdigital space of WT
and Ab/Ag forelimbs displayed in Fig. 4e. The relative abundance of the b-galactosidase reaction product (blue) associated with a nucleus
red) is proportional to the activity of the tTG promoter within cells. IE, interdigital epithelium; IM, interdigital mesenchyme.agnifications, 3400.
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39Retinoic Acid Signaling in Interdigital Apoptosismay act as an antiproliferative factor in interdigital mesen-
chymal cells. Unexpectedly, the reduced PCD was not
paralleled by a decrease in the number of macrophages
which, under normal conditions, phagocytose the debris of
dead mesenchymal cells (Hopkinson-Woodley et al., 1994
and references therein). This finding indicates that the
chemotactic cues, which presumably recruit monocyte-
derived macrophages at the sites of PCD, may still be
produced in Ab/Ag autopods, despite the rarity of dying
cells.
The patterns of BMP-2 and BMP-4 expression were quali-
atively and quantitatively unaffected in the necrotic zones
f Ab/Ag mice, suggesting that RA acts either downstream
or independently of these BMPs in controlling PCD in the
autopod. In contrast, BMP-7 expression was markedly re-
duced in the autopods of Ab/Ag mutants at E11.5, E12.5,
nd E13.5. However, down-regulation of BMP-7 expression
was not directly correlated to reduction of interdigital
apoptosis since (i) it was clearly not restricted to the
interdigital mesenchyme and (ii) it was not found in Ab1/2/
g mutants (which display a 100% penetrance of webbing
etween all digits). Similar to those of BMP-2 and BMP-4,
the expression patterns of Msx-1 and Msx-2 and of four
AbdB-related Hox genes were unaffected in Ab/Ag auto-
ods.
The present results confirm the findings that Bcl2 is
ormally expressed in the digital rays only (Novack and
orsmeyer, 1994) and show that Bax transcripts are ex-
ressed in the necrotic zones only. Thus, in the mesoderm-
erived structures of the autopod, expression patterns of
cl2 and RARg on the one hand and of Bax and RARb on
he other hand are complementary and correlated with the
istribution of surviving and dying cells, respectively. Our
ata showing that p53 and Bax transcripts are colocalized in
he necrotic zones support the possibility that p53 could
ontrol Bax expression in these zones (Miyashita et al.,
994; Miyashita and Reed, 1995). However, the levels and
omains of expression of Bcl2, Bax, and p53 were unaf-
fected in Ab/Ag autopods, indicating that other members of
he Bcl2/Bax family (Boise et al., 1993) are most probably
nvolved in RA-dependent interdigital apoptosis. In this
espect it is interesting to note that the complete lack of
cl2 is, by itself, not sufficient to induce limb malforma-
ions (Veis et al., 1993).
Cells committed to death initiate a cascade of biochemi-
al events leading to their destruction. This cascade in-
olves notably the cytosolic enzyme, tissue transglutami-
ase (tTG). Expression of tTG is a precocious feature of cells
hich are committed to apoptosis (Fesus et al., 1987;
FIG. 6. Preaxial polydactyly and decreased BMP-7 expression in
mutant, illustrating a case of unilateral preaxial polydactyly. Note
cartilaginous nodule on histological sections. (b and c) Dorsal views
to the formation of the digits. A, anterior; P, posterior; (I–V) digit 1
points to the supernumerary preaxial digit. Magnifications, 336 (a), 31
Copyright © 1999 by Academic Press. All rightiacentini et al., 1991), in which it catalyzes the irreversible
ross-linking of intracellular proteins. Through this action,
t might prevent cellular disintegration prior to phagocyto-
is (Fesus et al., 1987), but also represent a killer effector
lement of the apoptotic program. Inhibition of tTG expres-
ion by antisense cDNA in cell cultures is sufficient to
ecrease both spontaneous and RA-induced apoptosis (Me-
ino et al., 1994), whereas an increase of tTG expression in
ell lines to levels comparable to those measured in apop-
otic cells in vivo induces cytoplasmic condensation fol-
owed by the blebbing and fragmentation characteristic of
poptosis (Gentile et al., 1992; Melino et al., 1994). RA in
xcess increases tTG activity in many cultured cells (Zhang
t al., 1995), and the initiation of RA-induced cell death in
he mesenchyme of the chick limb bud is accompanied by
transient increase in tTG activity (Jiang and Kochhar,
992). Retinoids increase transcription of the mouse tTG
ene through a cis-acting response element located in the
romoter region (Nagy et al., 1996a, 1997). The decrease of
TG promoter activity in INZ cells of RARb/RARg com-
pound mutants strongly suggests that expression of the
corresponding gene in these cells is normally regulated by
RA in vivo. These data also raise the possibility that an
autocrine or paracrine retinoid signal might trigger apopto-
sis upon direct activation of the tTG promoter. In this
respect it is interesting to note that retinaldehyde dehydro-
genase type 2 (RALDH-2), a major retinoic acid generating
enzyme, is strongly and specifically expressed in the inter-
digital mesenchyme before and during the formation of the
INZs (Niederreither et al., 1997).
Stromelysin-3 is a matrix metalloproteinase whose ex-
pression has been associated with tissue remodeling pro-
cesses characterized by extensive extracellular matrix turn-
over during embryonic development, wound healing, or
tumor invasion (Lefebvre et al., 1992, 1995; Wang and
Brown, 1993; Patterson et al., 1995). It is strongly expressed
during postweaning involution of the mouse mammary
gland (Lefebvre et al., 1992), a process known to involve
intense apoptosis (Streuli et al., 1991). It is also expressed in
the interdigital spaces (Lefebvre et al., 1995; Masson et al.,
1998), concomitantly with the appearance of the first apop-
totic cells (present report). Down-regulation of
stromelysin-3 in the INZs of Ab1/2/Ag and Ab/Ag mutants
annot account on its own for the decrease in apoptosis,
ince stromelysin-3 null mice have normal limbs (Masson
t al., 1998). However, modulation of stromelysin-3 expres-
ion by RA in vivo could provide a mechanism for the
oupling of cell death and extracellular matrix remodeling
n the INZs.
Ag autopods. (a) Dorsal view of the hindlimbs of a E13.5 Ab/Ag
the supernumerary preaxial digit (arrowhead) always displayed a
1.5 hindlimbs showing a decrease of BMP-7 expression levels prior
most anterior) to digit 5 (the most posterior). The arrowhead in (a)Ab/
that
of E1
(the35 (b and c).
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40 Dupe´ et al.That cell death, tTG, and stromelysin-3 expression are
decreased in all INZs, but not in the ANZ and PNZ of
Ab1/2/Ag and Ab/Ag mutants, suggests a fundamental
difference between these three necrotic zones.
BMP-7 May Act Downstream of RA in the
Patterning of the Limb
The teratogenic effects of RA administration first sug-
gested that RA is involved in limb morphogenesis. Topical
administration of RA can mimic the effects of the zone of
polarizing activity in the chick (reviewed by Tickle and
Eichele, 1994) and induces postaxial polydactyly in the
regenerating forelimbs of newt (Thoms and Stocum, 1984).
Systemic administration of RA in excess enhances the
incidence of postaxial polydactyly in the mouse (Bynum,
1991, and references therein). The penetrance of RA-
induced limb defects is decreased in mouse embryos lack-
ing RXRa (Sucov et al., 1995). The physiological effects of
RA on limb patterning have been deduced from knock-outs
of retinoid receptors and binding proteins (CRABPs). Aa/Ag
mutants display forelimb malformations, the majority of
which involve a loss of anterior skeletal elements (Lohnes
et al., 1994). Similar defects have been found in compound
mutants in which an RXRa mutation abrogating the AF-2
activation function is associated with a RARg null muta-
tion (Mascrez et al., 1998). About half of the CRABPII null
mutants exhibit a postaxial digit rudiment located, in
general, on the forelimb; the penetrance of this abnormality
is increased to 80% in CRABPI/CRABPII double null mu-
tants, 13% of which show, in addition, an extra preaxial
digit rudiment (Lampron et al., 1995). In the present study,
we report the occurrence in ;10% of the Ab/Ag mice of a
upernumerary preaxial digit on the hindlimb only. The
ame phenotype is observed in 25 to 80% of the BMP-7 null
utant mice, depending on the genetic background (Dudley
t al., 1995; Luo et al., 1995). BMP-7 expression is specifi-
ally down-regulated in the limbs of Ab/Ag mutants at
E11.5, E12.5, and E13.5. In contrast, a down-regulation of
BMP-7 expression is not observed in Ab1/2/Ag mutants
which never displayed limb patterning defects. Altogether,
these data strongly suggest that the decreased expression of
BMP-7 is causally related to the formation of the supernu-
merary digit in Ab/Ag mutants and, therefore, that RA may
xert some of its effects on anteroposterior patterning of the
imb through controlling BMP-7 expression. That muta-
ions in specific pairs of RARs or in CRABPs can preferen-
ially or exclusively disturb pattern formation in the fore-
imb or in the hindlimb is in keeping with the notion that
armness” and “legness” are encoded by distinct subsets of
enes (review Schwabe et al., 1998).
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